The effects of isoflurane versus halothane on cardiac contractility were evaluated by twodimensional (20) transthoracic echo cardiography in rabbits. The relationship between the left ventricular end-systolic wall stress (LVESWS)and the velocity of heart rate corrected circumferential fibre shortening (Vdc) was used. Arterial blood pressure, heart rate, left ventricular pressure and tram.thoracic 20 echo cardiographic data were determined at 1 MAC (minimum alveolar concentration) of halothane or isoflurane, both with 50% nitrous oxide. Drug-induced changes in pre-and afterload were performed in all study animals to assess the left ventricular contractile response over a wide range. LVESWS and Vdc Were calculated on videotape recorded M-mode tracings.
In recent years volatile halogenated anaesthetics have been used frequently for anaesthesia of laboratory animals because unlike injectable anaesthetics, inhalant anaesthesia consistently produces safe and constant planes of surgical anaesthesia with minimal supervision. Specifically, halothane and isoflurane can be used successfully in rabbits Correspondence to: Dr Giuseppe Marano, Laboratorio di Farmacologia, Istituto Superiore di Sanitd, Viale Regina Elena 299, 00161 Roma, Italy, Tel: +39-6-49902395, Fax: +39-6-4440053, Email: pimarano@iss. it Accepted 20 September 1996 [Flecknell1987), and the MAC values of both agents have been established in this species [Drummond 1985) , Despite having several advantages, inhalant anaesthesia is not devoid of adverse effects, including the dose-dependent depression in cardiac contractility. From the literature it seems, however, that volatile anaesthetics of the latest generation such as isoflurane and desflurane could be less depressive than halothane in human beings, as well as in large size animals (Pagel et ai. LaboratoryAnimals (1997 ) 31, 144-150 1991 , Marshall & Longnecker 1996 . To the best of our knowledge no data has been provided on the effects of isoflurane and halothane on cardiac contractility in rabbits.
With the increasing use of volatile anaesthetics, assessment of their effects on rabbit myocardial contractility should be viewed as a major concern. Measurements of myocardial contractility is problematic due to the load dependency of traditional indices of left ventricular contractility (e.g. isovolumetric and ejection phase indices of myocardial contractility). In this paper we employ the relationship between LVESWSand Vcfc using transthoracic 2D echocardiography because it is one of the most sensitive measures of contractility, and incorporates heart rate and afterload while being preload independent.
We investigate whether isoflurane is less depressive than halothane at 1 MAC on rabbit myocardial contractility using the relationship between LVESWSand Vcfc.
Materials and methods

Animals
Ten male New Zealand white (NZW) rabbits (Charles River, Italy), weighing 2.5-3.0 kg, were used in this study. The animals were individually caged in a room with artificially controlled temperature (21-24°q and a 12h light 12h dark cycle. Water and food were provided ad libitum. Animal care and use followed the directive of the Council of European Communities (86/609/EEq.
Experimental protocol
Rabbits were divided randomly into two groups of 5 animals using tables of random numbers. Anaesthesia was induced with ketamine (lOmg/kg) and midazolam (0.1mg/ kg), given intramuscularly, and orotracheal intubation was attempted immediately after loss of consciousness. If the rabbit did not chew when this was attempted, the level of unconsciousness was judged to be sufficient. A cuffed endotracheal tube of 3.0 mm I.D., lDAR, Mirandola, Italy) was inserted into the trachea (Kumar et ai. 1993), and connected to a respiratory pump (mod. 6025, Ugo Basile, 145 Italy), set at a tidal volume of 10 ml/kg. The ventilatory rate was adjusted to 30-35 breaths/min (0.50-0.58 Hz) to keep end-tidal CO 2 between 33 and 38 mmHg. End-tidal anaesthetic and carbon dioxide levels were continuously monitored (Gas Monitor, 5250 RGM, Ohmeda, England). Pancuronium bromide (0.1mg/kg intravenously) was injected to induce muscle relaxation and facilitate ventilation mechanically.
Anaesthesia was maintained with oxygen and end-tidal 1.8% isoflurane (I MAC) with 50% nitrous oxide (N 2 0) in the isoflurane group, and end-tidal 1.4% halothane (1 MAC) with 50% nitrous oxide in the halothane group. Body temperature and lead II of the electrocardiogram (ECG) were monitored continuously. A 24-gauge catheter needle was inserted percutaneously into the marginal ear vein and an intra venus flow control system (DIAL-A-FLO,Abbott) was attached to it. Lactated Ringer's solution was infused at 4 ml/kg/h throughout the study. The right femoral artery was cannulated to obtain blood samples and monitor systemic blood pressure. The arterial catheter (PE 50) was connected to a Statham P23 ID pressure transducer, and a counterflow of 3 ml/h was applied to avoid blood clotting in the arterial catheter. Left heart catheterization was performed from the left common carotid by a fluid-filled PE 50 catheter (Fig. 1 ).The signal of the left ventricular pressure was filtered by a low pass filter (-6 dB, 75 Hz) single pole Fig1 Parasternal long-axis examination of the left ventricle (LV). aorta (AO) and left atrium (LA). The echoes originating from the centre of the ascending aorta are due to the catheter (C) used to record the intraventricular pressure (D. C. Driver Amplifier, GRASS Instruments), sampled at 1000 Hz, and acquired by a data acquisition system [LAB PC (hardware) and LabVIEW (software), National Instruments Italy]. The first derivative of left ventricular pressure (dp/dt) and other indices related to it were obtained using software developed by us using LabVIEW. The flow diagram of the LabVIEW program is shown in Fig. 2 .
Ultrasound imaging was obtained by a 5-7.5 Mhz transducer connected to a 20 echocardiography (SIM 7000 CFM Challenge, Esaote Biomedica, Florence, Italy).
After the end-tidal anaesthetic concentration had reached the desired level and had been kept constant for 20 min, data for heart rate, systolic and diastolic blood pressures, left intraventricular pressure, and transthoracic 20 echo cardiography were recorded (about 35 min after the injection of midazolam/ketamine). Under these conditions, nitroprusside (1 and 2 )Jg/kg/min) or methoxamine (0.5 and 1)Jg/kg/min) infusions were performed in all study animals to assess left ventricular contractile state over a wide range of loading conditions. pressure and heart rate were recorded Simultaneously. M-mode tracings were derived from the standard left parasternal long-and short-axis views (Fig. 3 ). The aortic root was visualized from an apical fourchamber view, and pulsed Doppler tracings were recorded for the measurement of left ventricular ejection time (LVETI (Fig. 41 .
Echocardiographic analysis
Ventricular end-diastole was identified by the peak of the R wave, and the end-systole by the minimal left ventricular dimension. The mean of three consecutive beats at endexpiration was used for the analysis.
The following parameters were calculated by the same observer from the echo-tapes:
(1) end-systolic left ventricular wall thickness (hes) (2) under unstressed basal conditions. In addition, we plotted Vdc versus LVESWS and calculated the linear regression equation of the LVESWS-Vdc relationship for each of the anaesthetic groups by the least squares method. In this relationship, Vdc is higher for any given level of LVESWS in the increased inotropic state and lower in the depressed contractile state. We compared the LVESWS-Vdc relationship by analysis of the covariance which can be performed if data do not violate the assumptions that the slopes of regression lines are not significantly different, and that they are straight lines. P<O.05 was considered statistically significant. All data were expressed as mean ± SEM. 7RR CFC% (rcLVET)
Results
LVESWS
Heart rates and mean pressures were not significantly different between the isoflurane and halothane groups (Table 1) . Vdc in the isoflurane group was significantly less than in the halothane group at 1 MAC level (P<O.05, Table 1 ). LVESWS, index of afterload, was significantly highest in the isoflurane group (P<O.05, Table 1 ). Within each group, the velocity of fibre shortening was inversely related to LVESWS. Circumferential fractional shortening, used commonly as an index of systolic performance, was significantly lower in the isoflurane group than in the halothane [P<O.05).
Isovolumetric phase indices
The following isovolumetric phase indices were calculated from the left ventricular pressure curve and the first derivative of ventricular pressure: maximum rate of rise of ventricular pressure (dp/dt max ),thedp/dt at the developed ventricular pressure of 40mmHg (dp/dt4oDP)[level of pressure which occurs before the opening of the aortic valve], and the dp/dt max corrected for the instantaneous ventricular pressure (dp/dtmax/P).
Statistical analysis .
The effects of halothane and isoflurane, both with nitrous oxide, on HR, ABP, dp/dt and related indices, and echocardiographic parameters were compared by unpaired t-test, (bottom) and of the first derivative of left ventricular pressure (top) (dp/dt) in the halothane group. dp/dt and other indices related to it such as dp/dtmax• dp/dt40DF> and dp/dtma/P. was obtained by LabVIEW software mmHg/s Using the LVESWS-Vcfc relationship, we obtained the following results (Fig. 5 ). In the halothane group, the regression equation was:
Vcfc=-O.OI49LVEsws'"2.31, (R2=O.9387,P<O.OI)
In the isoflurane group, the regression equation was: Vcfc=-O.OI43LVEsws'"2.41, (R2=O.9624,P<O.OI) Vcfc was higher for any given level of LVESWS in the isoflurane group, thus indicating that myocardial contractility at 1 MAC in the isoflurane group was preserved significantly more than in the halothane group. In other words, halothane was more depressive on myocardial contractility than isoflurane.
In Figs 6 and 7 , a typical recording of left ventricular pressure and its first derivative under halothane and isoflurane respectively, are shown. Under isoflurane .maesthesia, dp/ dtmax, dp/dt4o, and dp/dt/P were significantly higher than under halothane anaesthesia (P<O.05). Negative dp/dtmax was also signifi- and of the first derivative of left ventricular pressure (top) (dp/dt) in the isoflurane group. Under isoflurane anaesthesia. dp/dt max • dpl dt4o• and dp/dt/Pwere significantly greater than under halothane anaesthesia (P<O.05) cantly reduced in the halothane group, indicating that this anaesthetic agent also influences left ventricular compliance and ventricular cardiac filling.
Discussion
The LVESWS-Vcfcrelationship has become a widely accepted method for the evaluation of changes in the inotropic state. Although this relationship is not easy to obtain because LVESWSand vcfc must be determined under several loading conditions, it is generally accepted that this assay of ventricular contractility offers significant advantages over previously used indices derived from the isovolumetric and ejection phases of the cardiac cycle, which are significantly influenced by heart rate and ventricular loading conditions (Mahler et al. 1975) . The LVESWS-Vcfcrelationship as a load-independent index of myocardial contractility was reported by Colan et al. (1984) . This relationship is inversely linear, and Vcfc is higher for any given level of LVESWSin increased inotropic states and lower for any given level of LVESWSin depressed contractile states. The use of load-independent indices of myocardial contractility is strongly recommended because pharmacological substances often change, directly or indirectly, both heart rate and arterial blood pressure. For all these reasons, the present study employed the LVESWS-Vcfc relationship.
Our results indicate that, in rabbits, isoflurane depresses myocardial contractility less than halothane at equiMAC concentrations with 50% of nitrous oxide, and suggest that the velocity of circumferential fibre shortening cannot be enough to evaluate the contractile state of the myocardium if the afterload is not taken into account. Therefore, Vcfc can be a useful index of inotropic changes only when the afterload, expressed as LVESWS,does not change. Isovolumetric phase indices and the LVESWS-Vcfcrelationship gave the same indication, although isovolumetric phase indices are heart rateand load-dependent. This could be due to both the lack of marked differences in mean arterial pressures and heart rates between isoflurane and halothane groups, and changes of the left ventricular preload in the isoflurane group. In this study we did not obtain the LVESWS-Vcfcrelationship during the conscious state. This was due to the difficulty of having echocardiograms and changes in 149 afterload at the same time. For this reason we compared the effects on myocardial contractility of isoflurane versus halothane, which is the standard anaesthetic agent to which others are usually compared. Thus we cannot say anything about the effects of these anaesthetics on contractility with respect to the basal state. However, we can state that depressive effects on contractility, if any, by isoflurane are less than those produced by halothane at equiMAC concentration with 50% of nitrous oxide.
Inhalant anaesthesia has been proposed as the method of choice in long-term anaesthesia of rabbits (Peeters et al. 1988) .Although presenting some disadvantages owing to the difficulty of endotracheal intubation, the need for suitable equipment, and higher costs, the most important advantage is that inhalant anaesthesia consistently produces safe planes of surgical anaesthesia with minimal supervision, and quick, smooth emergences. Halothane and isoflurane can be used successfully in rabbits (Flecknell 1987) . They are potent anaesthetic agents with properties that allow a smooth and rapid loss of consciousness which progresses to anaesthesia. Isoflurane presents several advantages over halothane: the depth of anaesthesia can be adjusted more rapidly because of a lower blood:gas solubility coefficient; only 0.2% of the isoflurane is metabolized; hepatic toxicity has not been reported; cardiac output is well sustained, and systemic vessels, including coronary arteries, are dilated.
In conclusion, the results of the present study confirm data obtained in humans and other animal species regarding the effects of halothane and isoflurane on myocardial contractility and suggest that, myocardial contractility in rabbits is best preserved by inhalation of isoflurane. Isoflurane should therefore be preferred over halothane, especiallyin prolonged anaesthetic procedures.
